Objective: Primary hyperparathyroidism (PHPT) has been associated with low-grade inflammation and increased risk of cardiovascular disease (CVD). The aim of the study was to investigate systemic levels of pro-inflammatory proteins that previously have not been examined in patients with PHPT. The selection of the pro-inflammatory biomarkers included in this study, MMP9, S100A4, S100A8/A9 and the receptors sCD14 and RAGE, was based on a previous microarray screen of mRNAs in adipose tissue from PHPT patients. Design: A prospective study was conducted on a total of 57 patients with PHPT and a control group of 20 healthy blood donors. Methods: PHPT patients with normalisation of serum calcium levels after parathyroidectomy were followed for 6 months. Forty-two patients participated in the longitudinal study, in which blood samples were taken at inclusion, and 1, 3 and 6 months after surgery. Results: We observed increased serum levels of MMP9 (PZ0.029), S100A4 (P!0.001) and sCD14 (PZ0.002) in the 57 patients with PHPT compared to the control-group. During 6 months of follow up, S100A4 (PZ0.022) and sCD14 (0.002) decreased significantly, while serum levels of MMP9 increased (PZ0.025).
Introduction
Patients with primary hyperparathyroidism (PHPT) have increased levels of parathyroid hormone (PTH) resulting in enhanced levels of serum calcium (Ca) (1) . The most thoroughly investigated clinical feature in patients with PHPT is decreased bone mineral density (2). Additionally, several risk factors for cardiovascular disease (CVD) are observed in these patients, including increased inflammation, hypertension, left ventricular hypertrophy and metabolic changes (3, 4, 5, 6) . Increased mortality in patients with PHPT is described, largely due to the rate of cure is about 90-95% (12) . Postoperatively there is a reversal of bone loss (13) . Effects of surgery on inflammation have been conflicting. Some studies show that parathyroidectomy only has a modest effect on risk factors for CVD (3, 14, 15) , while others show at least partial reversal of the inflammation and the estimated risk of CVD (8, 16) .
The pathogenesis of atherosclerosis is recognized as an inflammatory process. Atherosclerotic plaques are infiltrated by activated macrophages and lymphocytes, contributing to disease progression (17) . Endothelial dysfunction represents a key step in the initiation and maintenance of atherosclerosis and may serve as a marker of future risk of cardiovascular events. Previously, we have reported that the expression of inflammatory genes was upregulated in subcutaneous neck adipose tissue from patients with PHPT. Several of these genes were related to infiltration and activation of macrophages (18) .
In the present study, we have analysed the systemic levels of inflammatory factors that were previously identified in a microarray-based screen of mRNAs in adipose tissue (18) , focusing on the pro-inflammatory proteins matrix metallopeptidase 9 (MMP9), the S100 proteins S100A4 and S100A8/A9 as well as the soluble receptor sCD14. Of note, circulating levels of these proteins have been correlated to inflammation and increased risk of CVD (19, 20, 21, 22) . Due to the close connection between the S100 proteins and the receptor for advanced glycation endoproducts (RAGE), we also analysed RAGE in order to have more information on the inflammatory process in patients with PHPT. Finally, we present data on the levels of these inflammatory biomarkers during 6 months of follow-up after parathyroidectomy, indicating at least a partial resolution of the systemic inflammation.
Subjects and methods

Participants
The study population, including 57 patients (48 females and nine males) undergoing surgery for PHPT and 20 healthy blood donors (15 females and five males) serving as control subjects, has been previously described (16) . All subjects were recruited during the period from September 2007 to December 2010, and patients were operated at the Department of Endocrine Surgery, Haukeland University Hospital, Bergen, Norway. The diagnosis of PHPT was based on increased serum levels of both PTH (reference range: 1.3-6.8 pmol/l) and albumin corrected Ca (2.20-2.55 mmol/l). Exclusion criteria were genetically confirmed multiple endocrine neoplasia type 1, due to verified mutations in the MEN1-gene, as well as known systemic inflammatory disease, such as inflammatory bowel disease, rheumatoid diseases and chronic obstructive lung disease. At the clinical examination the day before surgery, morphometric data and medical history were recorded. Neither patients nor controls were instructed to be fasting prior to blood sampling.
Blood samples were drawn 1 day before as well as 1, 3 and 6 months after surgery. At these prescheduled timepoints, patients received a written request for blood samples. Exclusion criteria for participating in the longitudinal study was persisting elevated corrected Ca levels during the 6 months of follow-up. In the follow-up study, 42 patients (four males and 38 females) participated.
The study was approved by the Western Norway Regional Committee for Medical Research Ethics. All enrolled subjects signed an informed written consent and the study was performed according to the principles expressed in the Declaration of Helsinki.
Biochemical analysis and morphometric data
Blood samples were centrifuged and frozen at K80 8C within 2 h. Ca, ionised Ca, albumin, phosphate, total alkaline phosphatase (ALP), alanine transaminase (ALAT) and C-reactive protein (CRP) were analysed immediately at the Laboratory of Clinical Biochemisty, Haukeland University Hospital, Bergen, Norway, using the Modular P-system from Roche Diagnostics, Basel, Switzerland. Creatinine was analysed at Bevital A/S, Bergen, Norway, and was determined by including it and its deuterated internal standard (d3-creatinine) in an established liquid chromatography/tandem mass spectrometry (LC-MS/MS) assay using the ion pairs 114/44.2 and 117/47.2 respectively (23 (26) . BMI was calculated as weight divided by the square of body length (kg/m 2 ). Patients with CRP-levels below the lowest detection limit for this analysis (CRP !0.5 mg/l) were included in the calculations with CRP levels of 0.4 mg/l. ELISA were used to detect the soluble biomarkers of inflammation, MMP9, the heterodimer S100A8/A9, S100A4, sCD14 and RAGE. The assays were performed according to the instructions of the manufacturer. MMP9, sCD14 and RAGE (R&D Systems, Minneapolis, MN, USA) were measured in serum. For MMP9 intra-assay variation was 2.3% and the inter-assay variation 7.5%. For RAGE, the intra-assay variation was 5.7% and the inter-assay variation 7.7%, whereas for sCD14 the intra-and interassay variations were 5.5 and 6.3% respectively. S100A4 (Abnova Corporation, Tapei, Taiwan) and S100A8/A9 (Hycult Biotech, Plymouth Meeting, PA, USA) were measured in plasma. Patients with undetectable levels of S100A4 with the used kit were included in the calculations with S100A4 levels of 0.001 ng/ml. For S100A4, the intraand inter-assay variations were 5.8 and 7.2% respectively, and for calprotectin S100A8/A9 the intra-assay variation was 6.0% and the intra-assay variation 8.4%.
Statistical analysis
SPSS Statistics 19 for Mac (IBM Corporation, New York, NY, USA) was used for statistical analyses. Continuous variables are reported as median (25th to 75th percentile) or mean (S.D.) and categorical variables as numbers (percentages). Where distributional assumptions were violated, measures were either square root transformed (MMP9, S100A8/A9 and RAGE) or ranked (S100A4 and CRP) to obtain normal distribution before used in statistical tests. Differences in baseline characteristics between the patients and controls were assessed using the Mann-Whitney U test, independent samples t-test or c 2 test where appropriate. Age-and gender-adjusted analysis of covariance (ANCOVA) was used to assess differences in inflammatory markers between patients and controls. Linear trends over time between repeated endpoint measures were estimated with a random intercept mixed model. Correlations among continuous variables were assessed by Spearman rank correlation, adjusted for age, gender, BMI and creatinine. Paired samples t-test was used to assess differences between longitudinal samples at inclusion and after 1, 3 and 6 months. Wilcoxon signed-ranked test was used to assess differences in levels of CRP, PTH, corrected Ca, ALP and albumin between inclusion and 6 months follow-up. All tests were two-sided and P!0.05 was considered to be statistically significant.
Results
Subject characteristics
Baseline characteristics, which have been presented previously (16) , are shown in Table 1 . Between the two groups there were no differences in gender distribution, age or BMI. As expected due to the diagnosis PHPT, patients had higher levels of PTH, albumin corrected Ca and ALP while phosphate levels were lower. Serum creatinine levels were lower in PHPT patients than in controls. Though, eGFR was similar between the two groups, indicating that kidney function did not differ between the PHPT patients and the controls. As expected, levels of 25(OH)D were lower in patients than in controls, whereas 1,25(OH) 2 D levels were higher in the patients. None of the patients or controls had known atherosclerotic diseases, except for one patient previously operated with a coronary artery bypass and one patient who had previously had a cerebrovascular accident. Two patients had known dietary regulated type 2 diabetes mellitus.
Inflammatory markers and correlations at baseline
The levels of serum MMP9, plasma S100A4 and serum sCD14 were higher in patients than controls at inclusion, whereas plasma S100A8/A9 and serum RAGE levels did not differ between the two groups (Table 2) . Correlations between the biomarkers were assessed in patients at inclusion. Of note, MMP9 was positively correlated to CRP (rZ0.359, PZ0.01) (Fig. 1A) . Additionally, a positive correlation between S100A4 and S100A8/A9 (rZ0.306, PZ0.029) was observed (Fig. 1B) Changes in parathyroid status after surgery
All patients underwent surgery for PHPT caused by either an adenoma or multi-glandular hyperplasia. If corrected calcium levels were within the normal range 6 months after surgery, patients were considered cured. Of the 57 patients included, 42 patients completed the follow-up study. Four patients were excluded from the longitudinal study due to the persisting elevated serum levels of corrected Ca, while the remaining 11 patients were nonresponders who did not attend the follow-up visits. 
Changes in inflammatory markers during follow-up
Changes in inflammatory markers after surgery were evaluated during the predetermined timepoints; 1, 3 and 6 months after parathyroidectomy. As shown in Fig. 2 , a gradual increase in MMP9 (P-trendZ0.025) across the four timepoints was observed. Both S100A4 (P-trendZ0.022) and sCD14 (P-trendZ0.002) decreased during 6 months follow-up. When testing the different time-groups with paired sample t-test, the increase in MMP9 was significant from baseline first after 6 months (PZ0.017), while a significant decrease in sCD14 (PZ0.045) was observed already after 1 month. The levels of S100A4 were significantly changed across the 6 months (PZ0.022). RAGE was increased 1 month after parathyroidectomy (PZ0.001), but decreased thereafter. Due to the increase of RAGE at 1 month, RAGE had a decreasing trend during the 6 months (P-trendZ0.007). Though, serum concentrations of RAGE between inclusion and 6 months did not differ (PZ0.99). As previously described, CRP also increased significantly (PZ0.014) during the 6 months follow-up (16) . Though, we only had measures for CRP at inclusion and at 6 months postoperatively.
Discussion
We observed increased serum levels of MMP9, S100A4 and sCD14 in patients with PHPT compared to a healthy control group. During 6 months of follow up, serum levels of MMP9 increased while sCD14 and S100A4 both decreased significantly. One month after surgery, the concentration of RAGE was increased, but concentrations returned to similar levels as at baseline during the remaining follow-up. Our findings suggest an increased inflammatory response in patients with PHPT and a partial reversal of the inflammation after surgery during 6 months follow-up.
The selection of the proteins analysed in this study was based on a previous gene expression study in adipose tissue from patients with PHPT (18) . Both circulating blood levels of the proteins as well as adipose tissue mRNA levels (18) of MMP9, S100A4 and sCD14 were enhanced, showing a general low-grade inflammatory state in PHTP patients, which was present in different tissue compartments. Possibly, similar inflammatory changes might be detected in other tissues as well.
The myeloprotein MMP9 has been closely linked to increased risk of CVD (27) . This endopeptidase is responsible for both physiological and pathophysiological tissue remodelling and is secreted by a wide number of cell types, including neutrophiles, macrophages and fibroblasts (28, 29) . In both rheumatoid arthritis and osteoarthritis, MMP9 is elevated in the cartilage and synovial tissue, playing a significant role in the pathophysiology of these arthropathies (30) . In atherosclerotic plaques, higher serum levels of MMP9 are associated with increased plaque instability (31) . Additionally, patients with stable or unstable angina who had elevated systemic levels of MMP9 had higher Framingham cardiovascular risk score and increased risk of cardiovascular mortality (32) . Thus, higher levels of MMP9 in patients with PHPT before surgery might indicate an increased risk of CVD in these patients. Surprisingly, levels of MMP9 increased during follow-up after surgery. It has previously been shown that transgenic overexpression of MMP9 in macrophages improved cardiac function and attenuated inflammatory response at day 5 in post-myocardial infarction mice, suggesting that MMP9 regulates both macrophage pro-and anti-inflammatory phenotypes (33) . Thus, MMP9 might have a dual role, in regulating both various inflammatory and repair processes, depending on the surrounding microenvironment (34) . Of note, an increased risk of myocardial infarction in PHPT patients still exists 1 year after parathyroidectomy, but thereafter declines to normal levels, indicating a prolonged repair process after normalization of PTH and calcium levels (8) . Furthermore, MMP9 is crucial in skeletal repair and mice lacking MMP9 have delayed skeletal healing, both in the initial stage of fracture repair as well as in the hard callus phase (35) . Bone-tissue requires at least 6 months before remodelling has reached a new balance after parathyroidectomy (13) , and the observed increase in MMP9 in PHPT patients after surgery might be due to tissue repair processes post-operatively. MMPs are important for a healthy tissue remodelling, as reviewed by PageMcCaw et al. (36) . and CRP in serum (A) and between S100A4 and S100A8/A9 in plasma (B). The samples were collected at baseline from 57 patients with PHPT.
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Increased levels of CRP, together with interleukin-6 (IL6) 1 year after parathyroidectomy, have previously been described (3, 16, 37) . This corresponds with the increase in MMP9 observed in the present study. Additionally, serum levels of MMP9 and CRP were positively correlated. The mechanisms behind the increase of inflammatory markers after surgery are not fully understood. It seems that some inflammatory pathways recover after parathyroidectomy while other processes remain activated even as long as 2 years after surgery (15) .
Expression of S100A4 is enhanced in several chronic inflammatory conditions, and concentrations are correlated with disease activity (20) . S100A4 induces the production of pro-inflammatory proteins such as TNF-a, IL1b and IL6 in mononuclear cells (38) . Additionally, S100A4 is responsible for myeloid cell recruitment to sites of inflammation and an acceleration of the inflammatory processes (39) . The reported increased levels in patients with PHPT confirm an inflammatory response with activation of RAGE and TLR-4. During 6 months follow-up, S100A4 was reduced, showing a partial recovery of the inflammation. S100A8 and S100A9 were the two most upregulated genes in adipose tissue in our gene-expression study (18) , though serum levels of the heterodimer S100A8/A9 were not elevated. Measuring serum-levels of these two proteins is challenging because they heterodimerise quickly after release into the circulation, either with each other or other S100-proteins, such as S100A4 (40) . The lack of increase in circulating S100A8/A9 might be explained by some of the S100A9 proteins being used to form the heterodimers with S100A4.
Secretion of sCD14 from the liver is induced by IL6 and sCD14 is regarded as an acute phase protein (41) . Membrane bound CD14 (mCD14) is expressed on the surface of monocytes/macrophages and is activated by lipopolysaccharides (42) . This receptor has been shown to regulate monocyte activation, leucocyte-endothelial cell interaction and cell apoptosis (43) . sCD14 is derived by enzymatic cleavage of cell membrane-bound CD14, as well as through secretion from the liver, though the CD14 expression is regulated differently in hepatocytes and monocytes (44) . sCD14 was positively correlated with cardio-metabolic risk factors and all cause mortality in older adults (21) . The increased concentrations of sCD14 in PHPT patients compared to healthy controls in our study confirm the increased inflammation and risk of CVD in these patients. Additionally, the decrease in sCD14 after Wilcoxon ranked-signed test. CRP measurements at 1 and 3 months were not available. Data are given as median (25th to 75th percentile) for serum MMP9, plasma S100A4, plasma S100A8/A9, and serum RAGE, and mean (S.D.) for serum sCD14.
Clinical Studyparathyroidectomy supports the partial reversal of the inflammatory processes. This is in accordance with the observed changes in S100A4 levels. Vitamin D inadequacy is more frequent in PHPT patients than in the background population (2, 45) and low levels of 25(OH)D in these patients may be explained by increased activity of both the 1a-hydroxylase and the 24-hydroxylase (46, 47) . As expected, we found lower levels of 25(OH)D and higher levels of 1,25(OH) 2 D in patients with PHPT as compared to controls. Vitamin D has pleotropic effects including regulation of the immune system's cells (48) . However, with the exception of a positive correlation between 25(OH)D and sCD14, we did not observe associations between the levels of 25(OH)D and 1,25(OH) 2 D, and the inflammatory markers investigated in this study. The correlation between 25(OH)D and sCD14 was unexpected and should be followed up in later studies. Of note, the metabolically most active vitamin D metabolite 1,25(OH) 2 D was not correlated to sCD14.
RAGE and TLR4 are two important receptors in the inflammatory pathways. Several of the S100 proteins, such as both S100A4 and S100A8/A9 bind to and initiate the inflammatory response through these receptors (40, 49) . Increased expression of the immunoglobulin superfamily molecule RAGE was found in macrophages and smooth muscle cells in coronary artery plaque in diabetic subjects dying suddenly (50) . Though, in the Dallas Heart Study an inverse association between sRAGE and coronary artery calcium was observed (51) . A protective role of sRAGE for metabolic syndrome and atherosclerosis was also shown in both diabetic and nondiabetic subjects (22) . Circulating levels of RAGE were not increased in patients with PHPT, corresponding to the similar mRNA-levels in adipose tissue when comparing PHPT patients with the control group (18) . Interestingly, RAGE increased at 1 month after surgery, but was subsequently reduced to levels similar to concentrations at baseline during follow-up. Thus, increase of sRAGE after surgery might reflect a protective repair mechanism, which finally is associated with a decrease in cardiovascular risk possibly initiated by normalization of PTH and calcium after parathyroidectomy.
In the present study, the pathogenic mechanisms behind the increased inflammatory response in patients with PHPT have not been characterised, and further studies are warranted to investigate this issue. Our data are based in blood samples that have been collected under nonfasting conditions. Since food intake may influence the inflammatory responses (52), we cannot rule out the possibility that meals modulate these inflammatory biomarkers. Due to strict inclusion criteria and a limited number of available blood donors, we had an uneven gender distribution between the patient and control groups. Changes in inflammatory markers between patients and controls were adjusted for gender to correct for this. Another limitation was the follow-up rate in the longitudinal study (42 of the 57 patients); four patients were excluded due to consistently elevated serum levels of corrected Ca after surgery and 11 patients did not attend the follow-up visits.
In summary, we have reported an increase in novel inflammatory biomarkers in patients with PHPT. Measuring increased protein levels corresponding to the mRNA levels in adipose tissue of these biomarkers confirms the general inflammatory state in patients with PHPT. After parathyroidectomy, MMP9 increased, which possibly reflects tissue repair processes. S100A4 and sCD14 decreased after surgery indicating, at least a partial, recovery from the inflammatory response. Though, no conclusion on causal interference can be drawn based on this study as observed associations are presented. Further research is required to evaluate the use of these biomarkers as CVD risk factors in PHPT.
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